We demonstrate the detection of cyclotron resonance in graphene by using a photo-induced thermionic emission mechanism at the graphene/MoS2 van der Waals (vdW) Schottky junction. At cyclotron resonance in Landau-quantized graphene, the infrared light is absorbed and an electron-hole pair is generated. When the energy of a photoexcited electron exceeds the band offset energy at the graphene/MoS2 interface, the electron transfer occurs from graphene to the conduction band of MoS2, and the hole remains in graphene. This creates an electron-hole separation at the graphene/MoS2 interface at cyclotron resonance and a photovoltage is generated. The proposed method is an infrared photodetection technique through out-of-plane transport at the vdW junction, which is distinct from the previously reported methods that use in-plane transport in graphene for electronic detection of the cyclotron resonance. Despite the simple structure of our device with a single-vdW junction, our method exhibits a very high sensitivity of ~10 6 V/W, which shows an improvement of three orders of magnitude over the previously reported values. Therefore, the
proposed method displays a high potential for cyclotron resonance-based infrared photodetector applications.
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The van der Waals (vdW) heterojunctions formed by various two-dimensional (2D) materials such as graphene, transition metal dichalcogenides (TMDs), and hexagonal boron nitride (h-BN) offer a new avenue of heterointerface engineering [1] . Owing to the vdW interactions, we can vertically stack various 2D materials with different band gaps, lattice constants, and electron affinity irrespective of the lattice mismatch and interdiffusion. The band offset and the built-in potential at the interface can be effectively controlled by selecting appropriate combination of 2D materials. This unique property has been utilized to build high performance electronics and optoelectronics devices [2, 3, 4] . Recently, an electrically tunable Schottky barrier at graphene/semiconducting TMD junction has been of particular interest for its application in high performance electrical switches and sensitive photodetectors in visible wavelength region owing to its simple structure compared with traditional heterostructures [5, 6, 7, 8, 9, 10] . Previously, our group had demonstrated large current modulation by tuning the Schottky barrier height in graphene/MoS2 [9] [11] and graphene/MoSe2 vdW interfaces [12] .
In this study, we extend the application of graphene/TMD structure to the far-infrared region by combining its thermionic emission transport with the cyclotron resonance in graphene. As illustrated in Figs. 1(a) and 1(b), a vdW interface between graphene and MoS2 (at the charge neutrality point) exhibits a band offset of ~0.1 eV, and it acts as a Schottky barrier [11, 13] . The Fermi level of graphene (EF) changes significantly with the carrier density and it can be raised by electron doping [5, 9, 11, 14] . When EF is below the conduction band (CB) of MoS2, as depicted in Fig. 1(a) , the vdW junction exhibits a high resistance OFF state owing to the presence of a Schottky barrier. When EF of graphene is raised by electron doping to the same level as the CB of MoS2 (Fig. 1(b) ), the Schottky barrier diminishes and the vdW junction exhibits a low resistance ON state. Therefore, the junction acts as a gate-tunable Schottky barrier by controlling the OFF and ON states [5, 9, 14] . We utilize this mechanism to detect cyclotron resonance in graphene. As illustrated in Fig. 1(c) , in graphene/MoS2 heterojunction, the monolayer graphene exhibits Landau quantization in the presence of a magnetic field. Each Landau level (LL) changes its energy according to ∝ √# [15, 16] . The absorption of light due to the cyclotron resonance occurs when the selection rule D|N| = ±1 for cyclotron resonance transition is satisfied [17, 18, 19, 20] , where N depicts the Landau-level index. The energy of cyclotron resonance transition between N = 0 LL to N = +1 LL depicted by the solid red arrow in Fig. 1(c) varies from 0 eV to ~0.14 eV in the magnetic field range of 0-12 T, which is close to the band offset energy at graphene/MoS2 junction of ~0.1 eV. In the presence of a high magnetic field, the energy of N = +1 LL is higher than the CB of MoS2 as illustrated in Fig. 2(a) . The graphene and hexagonal boron nitride (h-BN) flakes as well as nm-thick MoS2 are fabricated by the mechanical exfoliation of natural graphite, bulk h-BN crystals, and bulk MoS2 crystals (2D Semiconductors Inc.), respectively. Firstly, a ~30 nm-thick h-BN flake is exfoliated on a 290 nm-thick SiO2/highly p-doped-Si substrate. Next, the monolayer graphene (MLG) is exfoliated on a polypropylene carbonate (PPC) film on 290 nm-thick SiO2/Si substrate, which is subsequently transferred over the h-BN flake using the dry release transfer method [21] .
This MLG serves as the bottom electrode. MoS2 is exfoliated separately on PDMS sheets (Gel-Pak, PF-X4-17mil) and transferred on graphene/h-BN structure using the PDMSbased dry transfer method [22] . Finally, TLG is dry transferred on top of the structure by the PPC-based dry transfer method, which is used as the top electrode. An atomic force microscopy (AFM) is used to determine the thickness of the flakes after exfoliation. We measured the junction photovoltage (Vind) of our device under the sweep of VG and the magnetic field B at 3 K, and the results are shown in Fig. 3(a) . In this measurement, the wavelength (l) and the energy (Eph) of light irradiation are 9.57 µm and 0.130 eV, respectively. In the magnetic field range of 11-12 T, we observed substantially negative and red arrows, respectively in Fig. 3(d) in the magnetic field range of 11-12 T. As shown in the figure, changing the wavelength of the laser shorter (corresponding to higher laser energy) leads the resonant magnetic field of the cyclotron resonance to be higher; consistent with the results in Fig. 3(c) . In Fig. 3(e) , we plot the transition energy between N = −1 to 0 or N = 0 to +1 as a dashed line and the photon energy Eph dependence of the resonance magnetic field as solid circle. The position of the resonance magnetic field is well described at vF = 1.08 × 10 6 m/s; this value is typically observed for graphene/h-BN structure [25] , and it serves as a piece of evidence for the proposed method to detect the cyclotron resonance in MLG through the junction photovoltage measurement at the graphene/MoS2 interface.
The observed cyclotron resonance signal in Fig. 3 This presents a strong contrast from the previous studies that used in-plane transport of graphene to detect the cyclotron resonance [17, 19, 20] . For in-plane measurements, all of detection mechanism reported so far is sensitive to both N = −1 to 0 and N = 0 to +1 transitions; as a result, cyclotron resonance signal appears on both electron and hole-side.
Therefore, we think that the electron-hole asymmetry observed in this study originates from the vertical transport through the graphene/MoS2 junction.
To explain the observed asymmetry in the cyclotron resonance signal, we illustrate a simple model for photovoltaic mechanism in Fig. 3(f) . In this figure, we represent the cyclotron resonance transitions between N = −1 to 0 and N = 0 to +1 LLs as the blue and red solid arrows, respectively. As seen in Fig. 3(f) , a photoexcitation due to the N = −1 to 0 transition generates an electron at the N = 0 LL. This excited electron cannot transfer to the CB of MoS2 as depicted by the dashed blue arrow in the figure owing to the absence of available density of states in MoS2. However, the photoexcited electron due to the N = 0 to +1 transition is generated at the N = +1 LL and this electron can transfer to the CB of MoS2 before its relaxation owing to the built-in electric field at the interface (this is depicted by the dashed red arrow in the figure) . Therefore, only the N = 0 to +1 transition causes an electron-hole separation at the junction and induces photovoltage. Since both photoexcited electron transfer time from graphene to TMD and carrier relaxation time between
LLs in graphene is known to exhibit within similar time scale [26, 27, 28, 29] , we think it is possible that there is a photo-excited electron transfer from graphene to MoS2 in our device.
We expect a negative photovoltage in this mechanism, which is also consistent with our results. We note that the cyclotron resonance-induced signal shown in Fig. 3 (a) has double dip structure such that two different dips are located at around N = 0 and N = +1 LLs, and signal is significantly suppressed in the middle of these LLs. Because the graphene is in the quantum Hall state in the middle of N = 0 and N = +1 LLs, we speculate that the photovoltage is significantly reduced in this regime due to the lack of available density of states in graphene electrode. This introduce double dip structure observed in the Fig. 3(a) .
In addition, our measurements ( Fig. 3(a) ) do not show cyclotron resonance signals at lower magnetic fields that are typically observed for the cyclotron resonance in the in-plane graphene devices [20] . This behavior can be explained using the energy diagram of the Landau level shown in Fig. 3(d) . In addition to the transitions from N = 0 to +1 and −1 to 0 LLs (red and blue arrows) in high magnetic field, using the wavelength of the laser, in principle N = −1 to 2 and −2 to 1 LLs (green arrows), and N = −2 to 3 and −3 to 2 LLs (purple arrows) can be also excited in the lower magnetic fields. However, the energy of the excited electrons produced owing to the lower magnetic field transitions is lower than the CB of the MoS2 as shown in Fig. 3(d) ; therefore, these electrons cannot generate photovoltage through the photo-induced thermionic emission mechanism. This is another piece of evidence of the photo-induced thermionic emission demonstrated in the graphene/MoS2 junction in this work.
In previous studies, the detection of the cyclotron resonance photovoltage in the inplane graphene devices is mainly attributed to the photo-thermoelectric effect, which
shows sensitivity in the range of 1-1000 V/W [17, 18, 19, 20, 30] due to the limitation imposed by the thermopower of graphene. To calculate the sensitivity of our device, we first divided the power density of the laser light at the sample position by the junction area of ~1.4 µm 2 to estimate the total irradiation of 540 pW; then, we divided the peak height of the photovoltage signal Vind = 0.37 mV (Fig. 3(b) ) by the total irradiation (540 pW) to obtain the sensitivity of 1.4 × 10 6 V/W. Hence, we demonstrate an enhancement in the photovoltage signal by three orders of magnitude in our experiment. Such a high sensitivity cannot be explained with photo-thermoelectric effect; thus, this also support our conclusion that the observed photovoltage is due to the photo-induced thermionic emission at the MLG/MoS2 vdW interface.
In summary, we have demonstrated the photovoltaic detection of the cyclotron resonance of graphene in the graphene/MoS2 vdW junction utilizing the band offset between graphene and MoS2. This scheme can be extended to other wavelength ranges of photodetection by selecting an appropriate combination of band gap as well as band offset at the heterointerface. In addition, the mechanism of photodetection with vertical transport generates a photocurrent that is, in principle, proportional to the junction area. 
